The c-Jun N-terminal protein kinase (JNK) signaling pathway is implicated in neuronal apoptosis. The mechanism by which activated JNK induces neuronal apoptosis is strongly linked to mitochondrial apoptogenic proteins, although the molecular machinery downstream of JNK has not been precisely elucidated. Our study examined the relevance of proapoptotic Bcl-2 family members in JNKmediated apoptosis after transient focal cerebral ischemia (tFCI), which, when induced by 60 min of middle cerebral artery ( 
Introduction
Cerebral ischemia is implicated in neuronal apoptosis Fujimura et al., 1999; Graham and Chen, 2001) . The c-Jun N-terminal protein kinase (JNK) signaling pathway is a potential cascade mediating neuronal apoptosis triggered by focal and global ischemia (Irving and Bamford, 2002) . However, it is unclear whether inhibition of JNK activation is beneficial for attenuating neuronal apoptosis after in vivo cerebral ischemia or how JNK signaling is mediated and transmitted to downstream apoptogenic molecules. To address these questions, we investigated the efficacy of anthra[1,9-cd]pyrazol-6(2H)-one (SP600125), a selective JNK inhibitor, against apoptotic DNA damage after transient focal cerebral ischemia (tFCI) and examined the role of proapoptotic Bcl-2 family members in JNK-mediated ischemic neuronal apoptosis.
Several mitochondrial proapoptotic molecules are involved in neuronal apoptosis in experimental ischemia, including cytochrome c, second mitochondria-derived activator of caspase (Smac), caspases, and Bax (Krajewski et al., 1995; Sugawara et al., 1999; Saito et al., 2003) . However, there is little understanding of the signaling pathways upstream of the mitochondrial apoptotic machinery engaged in neuronal ischemia. There is strong evidence that JNK may be a key mediator for transmission of apoptotic signals to mitochondrial apoptosis-related proteins (Tournier et al., 2000; Lei et al., 2002; Chauhan et al., 2003) . JNK has been shown to have a significant association with Bax and Bak, members of the BH1-3 multidomain Bcl-2 family, in the mediation of apoptosis and related cytochrome c release after ultraviolet radiation. Bax is a potent regulator of mitochondriadependent apoptosis in a variety of stress conditions. Recent evidence implies that BH3-only proteins (e.g., Bad, Bim, HRK, and Bid) are essential for Bax and Bak activation. Bim targets the BH3 domain of Bax, causing its conformational change, which leads to its oligomerization and integration into the outer mitochondrial membrane, and the formation of channels for release of cytochrome c and other mitochondrial apoptogenic factors (Donovan et al., 2002) , which in turn lead to apoptosis. Based on these findings, we hypothesized that Bim may be a direct substrate of JNK in neuronal apoptosis after tFCI, thereby transducing stress signals to Bax and Bak.
Of the three major isoforms of Bim [BimS (Bim short), BimL (Bim long), and BimEL (Bim extra long)] (O'Reilly et al., 2000) , BimL and BimEL are induced and potentiated by JNK at both the transcriptional and posttranslational levels (Harris and Johnson, 2001; Puthalakath and Strasser, 2002; Lei and Davis, 2003; Putcha et al., 2003) . The transcriptional mechanism by which Bim is induced via JNK activation remains to be determined. Posttranslationally, JNK promotes the dissociation of Bim from the dynein motor complex, thus promoting its proapoptotic activity (Lei and Davis, 2003) . Alternatively, Bim can also undergo regulation by JNK phosphorylation, which enhances its cytotoxicity in cultured neurons (Putcha et al., 2003) . These findings suggest that, during ischemic insult, JNK may preferentially involve Bim as a downstream substrate, transducing the proximal apoptotic signals to Bax. To test this hypothesis, we examined the regulatory role of JNK in Bim activity and its interaction with Bax after tFCI in the presence and absence of SP600125.
Materials and Methods
Focal cerebral ischemia. All of the procedures were in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals and were approved by the Administrative Panel on Laboratory Animal Care of Stanford University. Adult male Sprague Dawley rats (270 -290 gm) were subjected to transient focal ischemia by intraluminal middle cerebral artery (MCA) blockade with a nylon suture, as described previously (Fujimura et al., 1998) . The rats were anesthetized with 2.0% isoflurane in 30% oxygen and 70% nitrous oxide using a face mask. The rectal temperature was controlled at 37.0 Ϯ 0.5°C during surgery with a feedback-regulated heating pad. After a midline skin incision, the left external carotid artery was exposed, and its branches were electrocoagulated. A 22.0 mm 3-0 surgical monofilament nylon suture, blunted at the end, was introduced into the left internal carotid artery through the external carotid artery stump. After 60 min of MCA occlusion, blood flow was restored by the withdrawal of the nylon suture.
Drug injection. To investigate the role of the JNK pathway after focal cerebral ischemia, a specific JNK inhibitor was injected. The inhibitor, SP600125, was purchased from Biomol Research Laboratories (Plymouth Meeting, PA) and dissolved in dimethylsulfoxide and PBS. The scalp was incised on the midline, and the skull was exposed. SP600125 (0.25, 0.5, or 1.0 mg/kg in 25% dimethylsulfoxide in PBS) and the vehicle (25% dimethylsulfoxide in PBS) were injected intracerebroventricularly (8 l, bregma; 1.4 mm lateral, 0.8 mm posterior, 3.6 mm deep) 30 min before MCA occlusion.
Immunohistochemistry. Anesthetized animals, as well as normal controls (n ϭ 4 each), were perfused with 10 U/ml heparin and subsequently with 4% paraformaldehyde in 0.1 M PBS, pH 7.4, at 3, 6, 12, and 24 hr of reperfusion. The brains were removed, postfixed for 12 hr, sectioned at 50 m with a vibratome, and processed for immunohistochemistry. The sections were incubated with blocking solution and reacted with an antiphospho-JNK antibody and an anti-BimL antibody at dilutions of 1:250 and 1:1000, respectively. Immunohistochemistry was performed via the avidin-biotin technique, and then the nuclei were counterstained with methyl green solution for 10 min.
Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling. To clarify the spatial distribution of DNA fragmentation, we performed terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) (n ϭ 4 each). The sections fixed by 4% paraformaldehyde were prepared as described above and were incubated with NeuroPore (Trevigen, Gaithersburg, MD) for 30 min. They were placed in 1ϫ terminal deoxynucleotidyl transferase (TdT) buffer (Invitrogen, Carlsbad, CA) for 30 min, followed by reaction with a TdT enzyme (Invitrogen) and biotinylated 16-deoxy-UTP (16-dUTP) (Roche Diagnostics, Indianapolis, IN) at 37°C for 90 min. The sections were washed two times in SSC (150 mM sodium chloride, 15 mM sodium citrate, pH 7.4) for 15 min, followed by washing in PBS two times for 15 min. The avidin-biotin technique was applied, and then the nuclei were counterstained with methyl green solution for 10 min.
Immunofluorescent double-labeling staining. To evaluate colocalization of phospho-JNK, BimL, and neuron-specific nuclear protein (NeuN), we performed double immunofluorescent staining (n ϭ 4 each). The sections fixed by 4% paraformaldehyde were immunostained with the antiphospho-JNK or anti-BimL antibodies as described above, with biotinylated goat anti-mouse or anti-rat IgG (Vector Laboratories, Burlingame, CA), followed by fluorescein avidin DCS (Vector Laboratories). Then the sections were reacted with an anti-NeuN or an anti-BimL antibody, followed by Texas Red-conjugated horse anti-mouse or goat anti-rat IgG antibody (Vector Laboratories) at a dilution of 1:200. The sections were placed on slides, which were then covered with Vectashield mounting medium with 4Ј,6 diamidino-2-phenylindole (Vector Laboratories). Fluorescence of fluorescein was observed at excitation of 495 nm and emission of Ͼ515 nm, and fluorescence of Texas Red was observed at excitation of 510 nm and emission of Ͼ580 nm. Fluorescence of 4Ј,6 diamidino-2-phenylindole was observed at excitation of 360 nm and emission of Ͼ460 nm.
Immunofluorescent double labeling with phospho-JNK immunohistochemistry and TUNEL. To clarify the spatial relationship between phospho-JNK expression and DNA fragmentation, we performed double staining for phospho-JNK and TUNEL, using a fluorescent method (n ϭ 4 each). The sections fixed by 4% paraformaldehyde were immunostained with the phospho-JNK antibody as described above, with biotinylated goat anti-mouse IgG (Vector Laboratories), followed by fluorescein avidin DCS (Vector Laboratories). Then the sections were incubated with NeuroPore (Trevigen) for 30 min and placed in 1ϫ TdT buffer (Invitrogen) for 30 min, followed by reaction with TdT enzyme (Invitrogen) and biotinylated 16-dUTP (Roche Diagnostics) at 37°C for 90 min. The sections were washed two times in SSC (150 mM sodium chloride, 15 mM sodium citrate, pH 7.4) for 15 min, followed by washing in PBS two times for 15 min. Texas Red avidin DCS (Vector Laboratories) was applied to the sections for 30 min. Subsequently, the slides were covered with Vectashield mounting medium with 4Ј,6 diamidino-2-phenylindole (Vector Laboratories). Fluorescence was assessed as described above.
Western blot analysis. Whole-cell protein extraction was performed. Samples were obtained from the entire MCA territory on the ischemic side and from the nonischemic controls (n ϭ 6 each). Fresh brain tissue was cut into pieces after 3, 6, 12, and 24 hr of reperfusion and homogenized in 7 vol of cold suspension buffer (20 mM HEPES-KOH, pH 7.5, 250 mM sucrose, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 0.7% protease, and phosphatase inhibitor mixtures) (Sigma, St. Louis, MO). To obtain the whole-cell lysates, the tissue was homogenized and centrifuged at 10,000 ϫ g for 20 min at 4°C, and the supernatant was used for the analysis. After the same volume of Tris-glycine SDS sample buffer (Invitrogen) was added to the supernatant, equal amounts of the samples were loaded per lane. For subcellular fractionation, lysates were made with a glass tissue grinder (Wheaton, Millville, NJ). The lysates were centrifuged at 750 ϫ g for 10 min at 4°C and then at 8000 ϫ g for 20 min at 4°C. The 8000 ϫ g pellets were used to obtain the mitochondrial fraction. The supernatant was centrifuged further at 100,000 ϫ g for 60 min at 4°C. This supernatant was used for the cytosolic analysis. Proteins were separated on 10 -20% SDS polyacrylamide gels and electrophoretically transferred to polyvinylidene difluoride membranes, which were then incubated overnight at 4°C with the primary antibody diluted in blocking solution. After washing, membranes were treated with horseradish peroxidase-conjugated secondary antibodies and then with enhanced chemiluminescence reagent (Amersham Biosciences, Piscataway, NJ). Western blots were performed with horseradish peroxidaseconjugated anti-rabbit IgG (Cell Signaling Technology, Beverly, MA) or anti-mouse IgG (Chemicon International, Temecula, CA) using enhanced chemiluminescence Western blotting detection reagents (Amersham Biosciences). The film was scanned with a GS-700 imaging densitometer (Bio-Rad Laboratories, Hercules, CA), and the results were quantified with Multi-Analyst software (Bio-Rad Laboratories).
Antibodies. The following antibodies were used for Western blot analysis: mouse monoclonal anti-phospho-JNK (Thr 183 /Tyr 185 ), rabbit polyclonal anti-JNK, phospho-SEK1 (stress-activated protein kinase/extracellular signal-regulated kinase-1)/MKK4 (mitogen-activated protein kinase kinase 4) (Thr 261 ), phospho-c-Jun (Ser 63 ) (all from Cell Signaling Technology), rat monoclonal anti-BimL (Chemicon International), rat monoclonal anti-dynein light chain 1 (DLC1) (Kamiya Biomedical, Seattle, WA), mouse monoclonal anti-Bax (Santa Cruz Biotechnology, Santa Cruz, CA), mouse monoclonal anti-␤-actin (Sigma), and mouse monoclonal anticytochrome oxidase IV (Molecular Probes, Eugene, OR).
The following antibodies were used for coimmunoprecipitation: rabbit polyclonal anti-JNK (Cell Signaling Technology), rat monoclonal anti-BimL, mouse monoclonal anti-dynein intermediate chain (DI) (Chemicon International), and mouse monoclonal anti-Bax (Santa Cruz Biotechnology).
The following antibodies were used for immunohistochemistry and immunofluorescent staining: mouse monoclonal anti-phospho-JNK (Thr 183 /Tyr 185 ), phospho-c-Jun (Ser 63 ) (all from Cell Signaling Technology), rat monoclonal anti-BimL, and mouse monoclonal anti-NeuN (Chemicon International).
Coimmunoprecipitation. The procedure for precipitation was performed as described previously with some modification (Springer et al., 2000) . Samples were obtained from the MCA territory brain tissue on the ischemic side and from nonischemic controls (n ϭ 4 each). Fresh brain tissue was removed after 3, 6, 12, and 24 hr (n ϭ 4 each) of reperfusion. Protein concentrations were determined by the Bradford method (BioRad Laboratories). Three hundred micrograms of protein were used for coimmunoprecipitation. The protein sample was incubated with 50% slurry of protein A-or G-Sepharose (Amersham Biosciences) for 4 hr at 4°C, and this mixed sample was centrifuged at 12,000 ϫ g for 1 min. The supernatant was incubated with 2-5 g of antibodies and 20 l of protein A-or G-Sepharose (50% slurry) at 4°C overnight. The negative control was prepared with protein A-or G-Sepharose without antibody. The 14,000 ϫ g pellets were washed four times. After adding the same volume of Tris-glycine SDS sample buffer (Invitrogen) to the sample, we boiled these samples to remove Sepharose beads. After centrifugation at 14,000 ϫ g for 1 min, the supernatant was immunoblotted as described in the Western blot analysis.
Mitogen-activated protein kinases and AKT activity. Mitogen-activated protein kinases (MAPKs) and AKT activity were measured with immune complex protein kinase assays according to the manufacturer's protocol (Cell Signaling Technology). Briefly, cells were lysed in ice-cold cell lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM glycerol phosphate, 1 mM Na 3 VO 4 , 1 g/ml leupeptin, and 1 mM phenylmethylsulfonyl fluoride). Equal volumes of cell lysates (300 g) were incubated with c-Jun fusion protein beads, immobilized phospho-p38 monoclonal antibody, immobilized phospho-extracellular signal-regulated kinase (ERK) monoclonal antibody, and immobilized AKT 1G1 monoclonal antibody for JNK, p38, ERK, and AKT, respectively, at 4°C overnight. After centrifugation, pellets were suspended by kinase buffer (25 mM Tris, pH 7.5, 5 mM glycerol phosphate, 2 mM dithiothreitol, 0.1 mM Na 3 VO 4 , 10 mM MgCl 2 , and 200 M ATP) and then immunoprecipitated with the specific fusion protein c-Jun, activating transcription factor-2, Elk-1, and GSK-3, for JNK, p38, ERK, and AKT, respectively, at 30°C for 30 min. The activity of JNK, p38, ERK, and AKT was then measured by Western blot with a 1:1000 dilution of primary antibodies [rabbit polyclonal phosphoc-Jun (Ser 63 ), phospho-activating transcription factor-2 (Thr 71 ), phospho-Elk-1 (Ser 383 ), and phospho-GSK-3␣/␤ (Ser 21/9 ) antibodies] as described in the Western blot analysis.
Cell death assay. For quantification of apoptotic-related DNA fragmentation, we used a commercial enzyme immunoassay to determine cytoplasmic histone-associated DNA fragments (Roche Diagnostics). This assay detects apoptotic but not necrotic cell death. Samples were obtained from the entire MCA territory or the MCA territory cortex on the ischemic side and from nonischemic controls (n ϭ 4 each). Fresh brain tissue was cut into pieces after 24 hr of reperfusion, homogenized with a Teflon homogenizer in 5 vol of ice-cold buffer (in mM: 50 KH 2 PO 4 and 0.1 EDTA, pH 7.8), and spun for 10 min at 750 ϫ g. The supernatant was collected and spun for 20 min at 10,000 ϫ g, and then was further centrifuged at 100,000 ϫ g for 60 min at 4°C. The resulting supernatant was collected, and the protein concentration was determined. A cytosolic volume containing 20 g of protein was used for the ELISA, according to the manufacturer's protocol.
Quantification and statistical analysis. The data are expressed as mean Ϯ SD. Comparisons among multiple groups were performed by one-way ANOVA with appropriate post hoc tests (SigmaStat software; Jandel, San Rafael, CA). Significance was accepted with p Ͻ 0.05.
Results
The JNK signaling pathway was activated in neurons after tFCI and was related to apoptosis To confirm that the JNK signaling pathway could be activated in the brain subjected to transient ischemia (Fig. 1 A) , we first examined JNK activity by immunocomplex assay and JNK phosphorylation by Western blot analysis. The level of JNK activity was significantly increased 2.4-and 6.7-fold 3 and 6 hr after reperfusion, respectively, compared with the nonischemic controls (Fig. 1 B) . The time course of phospho-JNK (Thr 183 /Tyr 185 ) expression had the same profile as that of JNK activity, peaking at 6 hr. Two bands with molecular masses of 46 kDa (JNK1) and 54 kDa (JNK2/3) in the whole-cell fraction from the MCA territory brain tissue were evident. There was no change in total JNK protein expression after reperfusion in the ischemic brains. We also investigated whether activation of MKK4, one of the upstream kinases of JNK, had been altered in the ischemic brain. The appearance of phospho-MKK4 (Thr 261 ) was almost parallel to that of JNK activity and peaked at 6 hr. In contrast, no increase in levels of phospho-c-Jun (Ser 63 ) was detected during reperfusion. As shown in Figure 1C , immunohistochemistry demonstrated that phospho-JNK expression was increased after 6 hr of reperfusion in the caudate-putamen, but gradually decreased by 24 hr. In the MCA territory cortex, however, we detected less of an increase in phospho-JNK immunoreactivity. Immunostaining without a primary antibody against phospho-JNK showed no immunoreactivity (data not shown). Immunohistochemistry for phospho-c-Jun (Ser 63 ) was not evident in the entire ischemic MCA territory for the duration of the experiment (data not shown). Double immunofluorescent staining for phospho-JNK and NeuN indicated that phospho-JNK-positive cells in the ischemic core colocalized primarily with neurons. Phospho-JNK staining was present primarily in the cytoplasm of neurons. There was no apparent redistribution of the phospho-JNK protein to nuclei (Fig. 1 D) . There was no immunostaining when the antiphospho-JNK antibody was omitted (data not shown). After 24 hr of reperfusion, a significant number of TUNEL-positive cells was detected in the caudate-putamen with shrunken, condensed nuclei and apoptotic bodies. Most phospho-JNK immunoreactivity colocalized with TUNEL-positive cells, but some TUNELpositive cells colocalized with phospho-JNK immunoreactivity (Fig. 1 E) . These findings suggest that the JNK signaling pathway was activated in neurons after tFCI and that activated JNK is likely related to the molecular machinery preceding apoptotic cell death induced by tFCI.
Selective inhibition of JNK activity by SP600125 attenuated Bax translocation and subsequent apoptosis in ischemic neurons
A previous report showed that SP600125 is a highly selective inhibitor of JNK1, -2, and -3 (Bennett et al., 2001) . To identify the selectivity of SP600125 in inhibition of JNK activity, we examined kinase assays for JNK, p38, ERK1/2, and AKT at different drug concentrations. SP600125 significantly inhibited ischemia-induced JNK activity in a dose-dependent manner at 6 hr of reperfusion ( Fig. 2 A, B) , whereas kinase activity of p38, ERK1/2, or AKT was not affected in the presence of SP600125 (Fig. 2C) . The levels of phospho-JNK and phospho-MKK4 were not altered by SP600125 treatment (Fig. 2C ). This result may be attributable to the ATP-competitive nature of SP600125, which selectively inhibits kinase activity but not JNK phosphorylation or MKK4 (Bennett et al., 2001 ). We first determined whether Bax translocated from the cytosol to the mitochondria after tFCI. Using Western blot analysis and subcellular fractionation, we found that basal expression of Bax predominated in the cytosol and continued to decrease up to 24 hr after reperfusion. Accordingly, mitochondrial Bax immunoreactivity increased (Fig. 2 D) . Moreover, we examined whether the JNK signaling pathway contributes to Bax translocation. The inhibitory effect of SP600125 on Bax translocation in the mitochondrial fraction was not complete, but it reached a statistically significant difference 24 hr after ischemia-reperfusion compared with the vehicle-treated animals (Fig. 2 E) . Next, we assessed apoptotic-related DNA fragmentation after tFCI with the use of a commercial cell death assay kit. As shown in Figure 2 F, DNA fragmentation was significantly increased in the ischemic MCA territory 24 hr after reperfusion compared with the nonischemic brain samples. Treatment at the highest dose of SP600125, which was injected into the ventricle, resulted in a significant decrease (58%) in DNA fragmentation. TUNEL-positive cells were obvious in the caudate-putamen, but sparse in the ischemic cortex of the MCA territory at 24 hr. In the SP600125-treated animals, TUNEL reactivity decreased in both the caudate-putamen and the cortex compared with the vehicletreated animals (Fig. 2G) . In contrast, an ischemic lesion detected by 2,3,5-triphenyltetrazolium chloride (TTC) staining 24 hr after ischemia-reperfusion was not different between the vehicletreated and the SP600125-treated animals (data not shown). These findings suggest a proapoptotic role for JNK activity in brain tissue subjected to ischemia and its significant relevance to the regulation of Bax activation.
Bim was induced and phosphorylated in neurons during tFCI
To confirm the involvement of Bim, a proapoptotic BH3-only protein, in the apoptotic program during ischemia-reperfusion injury, the whole-cell lysates were subjected to Western blot analysis. BimL immunoreactivity was evident with a molecular mass of 24 kDa. BimL expression was transiently and significantly induced in the ischemic brain on Western blot analysis, with a peak 6 hr after reperfusion. In particular, the expression of slowermigrating bands was avidly upregulated (Fig. 3 A, B) . The kinetics of BimL expression was consistently parallel to that of JNK activation. To test whether the bands with decreased electrophoretic mobility indicated phosphorylated forms of BimL, we treated the animals with an intracerebroventricular injection of okadaic acid (10 or 100 ng/kg of body weight), an inhibitor of protein phosphatases 1 and 2A. Okadaic acid enhanced protein phosphorylation, resulting in increased expression of BimL proteins associated with reduced electrophoretic mobility (Fig. 3C) . We cannot exclude the possibility that okadaic acid modifies unknown regulatory mechanisms for BimL because of its nonspecific nature in the enhancement of phosphorylation. Even so, these findings suggest BimL proteins are phosphorylated through ischemiainduced stress signaling. The temporospatial profile of BimL immunoreactivity was completely in agreement with that of phospho-JNK immunoreactivity when examined by immunohistochemistry (Fig. 3D ) and double immunofluorescence with NeuN (Fig. 3E) . In these histological studies, scant immunoreac- ) in the whole-cell fraction from the MCA territory in rat brains. JNK activity was significantly increased at 6 hr compared with the nonischemic control brains (lane C). The phospho-JNK bands were observed at 46 and 54 kDa and increased parallel to JNK activity. JNK expression was not increased or decreased after reperfusion. An increased level of phospho-MKK4 was shown at 6 hr, whereas no increase in phospho-c-Jun levels was detected during reperfusion. B, Quantitative analysis (n ϭ 4) showed a significant increase in JNK activity 6 hr after tFCI, compared with the healthy control (C) ( # p Ͻ 0.05). O.D., Optical density. Error bars represent mean Ϯ SD. C, Representative photomicrographs show the immunohistochemistry for phospho-JNK in the caudate-putamen of the MCA territory after tFCI. After 6 hr of reperfusion, phospho-JNK expression was intensely increased compared with the same region in the nonischemic rat brains. After 24 hr of reperfusion, phospho-JNK immunoreactivity became weak but was still clearly observed in a considerable number of cells. tivity was present when we omitted the anti-BimL antibody (data not shown). Moreover, because Bim reportedly translocates to mitochondria and binds to Bcl-2-like proteins, thereby modulating apoptotic signals (Puthalakath et al., 1999) , we examined the BimL protein to see whether its subcellular localization was altered after cerebral ischemia. As shown in Figure 3F , BimL localized to the cytosolic fraction under normal conditions and did not redistribute to mitochondria after tFCI. Lastly, to demonstrate the possible involvement of JNK in BimL regulation, we examined the effect of SP600125 on BimL expression by Western blot analysis. Treatment with SP600125 caused a dose-dependent decrease in levels of phosphorylated BimL (Fig. 3G) . Reduction in BimL expression reached statistical significance at a concentration of 1.0 mg/kg (Fig. 3H ) . These results indicate that, during reperfusion in the ischemic brain, BimL is induced and phosphorylated primarily in the neuronal cytosol without changes to its subcellular localization and that BimL acts as a downstream component of the activated JNK signaling pathway after reperfusion.
Ischemia-inducible binding activity of Bim is dependent on JNK activity
To confirm an interaction between JNK and Bim, whole-cell lysates were coimmunoprecipitated with an anti-JNK antibody. The immunoreactivity of JNK-associated BimL was examined by Western blot analysis. There was a significant increase in the expression of BimL precipitated by JNK and associated proteins up to 6 hr after reperfusion. Thereafter, the binding of JNK to BimL consistently decreased (Fig.  4 A) . This profile of kinetics in JNK-BimL interaction is consistent with that in JNK activation or phosphorylated BimL. Coimmunoprecipitation studies using subcellular fractions demonstrated that JNK immunoprecipitates from the cytosolic fraction, but not from the mitochondrial fraction, contained BimL on Western blot analysis (Fig. 4 B) . To examine the contribution of JNK activity to ischemiainduced JNK-BimL interaction, we performed studies using SP600125. The amount of BimL that coimmunoprecipitated with JNK significantly decreased after treatment with SP600125 in a dosedependent manner (Fig. 4C,D) . Double immunofluorescence also showed that phospho-JNK colocalized with BimL (Fig.  4 E) . These data strongly suggest that BimL is involved in JNK-mediated neuronal apoptosis after tFCI as a direct substrate for JNK phosphorylation. Bim has been reported to require other members of the Bcl-2 family, like Bax or Bak, to exhibit its proapoptotic activity (Cheng et al., 2001; Zong et al., 2001) . To determine whether BimL proteins are in a complex with Bax in the ischemic brain, BimL expression was analyzed in the absence or presence of SP600125 by Western blotting with wholecell lysates that were immunoprecipitated with an anti-Bax antibody. The binding of BimL to Bax clearly increased 6 hr after reperfusion compared with the nonischemic controls. SP600125 treatment significantly antagonized BimL-Bax binding (Fig.  4 F) . These data show that JNK activity contributes to the direct binding of BimL to Bax. All of these data show that JNK preferentially involves Bim as a downstream mediator in the cytosol, by which stress signaling is transmitted to Bax, one of the mitochondrial apoptogenic molecules.
Dissociation of Bim from the dynein motor complex during tFCI
From recent studies, we know that BimL is sequestered by binding to the DLC1, a component of the microtubule-associated dynein motor complex in vitro. Certain stress conditions cause Figure 2 . A, JNK activity assay of the whole-cell fraction in the SP600125-treated rats and the vehicle-treated rats 6 hr after tFCI. JNK activity was decreased with SP600125 treatment in a dose-dependent manner. B, The inhibitory effect of SP600125 on JNK activity reached statistical significance at a dose of 0.5 mg/kg compared with the vehicle-treated (V) animals (n ϭ 4; *p Ͻ 0.05, compared with the vehicle-treated animals). In the SP600125-treated rats at a dose of 1.0 mg/kg, JNK activity was not significantly changed compared with the nonischemic control brains (C) (n ϭ 4; # p Ͻ 0.05, compared with the nonischemic control brains). C, The effect of SP600125 on different kinases 6 hr after tFCI. Kinase assays showed that SP600125 caused no reduction in p38, ERK, or AKT activity. Phospho-JNK (p-JNK) and phospho-MKK4 (p-MKK4) were expressed similarly in the absence or presence of SP600125 by Western blot analysis. SP, SP600125 (1.0 mg/kg). D, Bax was predominantly expressed in the cytosol of the nonischemic control brains (C). After the onset of ischemia-reperfusion, Bax was successively translocated to the mitochondria during the experiment. Quantitative analysis (n ϭ 4) clearly showed a reciprocal expression of Bax between the cytosolic and mitochondrial fractions 24 hr after reperfusion. COX, Cytochrome oxidase. E, Animals treated with the vehicle or SP600125 were subjected to tFCI. Bax translocation in the mitochondrial fraction 24 hr after reperfusion was significantly reduced with a 1.0 mg/kg dose of SP600125 compared with the vehicle-treated animals (n ϭ 4; *p Ͻ 0.05). F, Apoptotic-related DNA fragmentation after tFCI was analyzed with a commercial cell death detection kit (n ϭ 4). DNA fragmentation increased significantly in the entire MCA territory lesion 24 hr after reperfusion. In the SP600125-treated animals, DNA fragmentation significantly decreased at a dose of 1.0 mg/kg compared with the vehicle-treated (V) animals 24 hr after tFCI (*p Ͻ 0.05). G, Representative photomicrographs show TUNEL-positive cells in the caudate-putamen of the vehicle-treated and SP600125-treated groups 24 hr after tFCI. TUNEL-positive cells were strongly expressed in the vehicle-treated animals, whereas in the animals treated with SP600125 (1.0 mg/kg), TUNEL reactivity decreased. Error bars represent mean Ϯ SD. Scale bar, 30 m. release of BimL alone or with DLC1 from the dynein motor complex, freeing BimL to induce apoptosis (Puthalakath et al., 1999) . We first performed a Western blot analysis to investigate the expression of DLC1 after tFCI, which was reduced at 6 hr (Fig. 5A) . However, SP600125 treatment did not alter the expression of DLC1 and DI (data not shown). We performed coimmunoprecipitation experiments to investigate whether the regulatory mechanism of BimL by DLC1 is involved in brain ischemia. After tFCI, the amount of DLC1 that was coimmunoprecipitated with BimL from the whole-cell lysates decreased at 6 hr (Fig. 5B) . Next, we examined the binding properties between DLC1 and DI. Similarly, the dissociation of DLC1 from DI was shown 6 hr after reperfusion (Fig. 5B) . These data indicate that the dissociation of BimL from the dynein motor complex may possibly be involved in the regulatory mechanism of BimL during tFCI independent of the JNK signaling pathway.
Discussion
A number of studies have demonstrated activation of the JNK signaling pathway after global and focal cerebral ischemia, whereas the profile of activation differs greatly among reports (Irving and Bamford, 2002) . This inconsistency appears to mostly depend on the balance between the vulnerability of ischemic tissue and the severity of hypoperfusion among the individual settings of the experiments. Studies of selective JNK inhibition by means of genetic or pharmacological methods are needed to confirm the distinct role of JNK in mediating ischemia-induced cell death in neurons. Major protection by a peptide inhibitor of JNK in necrotic lesions has been reported after focal cerebral ischemia in rodents (Borsello et al., 2003) . Moreover, a critical role for JNK in the brain penumbra has been determined from JNK3-deficient mice subjected to ischemia-hypoxia stress (Levine's procedure) (Kuan et al., 2003) . In the present studies, we demonstrated that JNK inactivation by SP600125, an ATP-competitive inhibitor, was potently effective in decreasing neuronal apoptosis in the ischemic core after in vivo tFCI. Increased activity as well as phosphorylation of the JNK protein was confirmed in the caudate-putamen but not in the MCA territory cortex of the marginal penumbra. In addition, we showed increased levels of phospho-MKK4 (Thr 261 ) after in vivo cerebral ischemia. JNK is activated by phosphorylation on Thr 183 and Tyr 185 by the upstream activators MKK4 and MKK7. These upstream kinases are, in turn, activated by the MAPKKK (mitogenactivated protein kinase kinase kinase) families, including the MLK (mixed lineage kinase) and MEKK (mitogen-activated protein/ERK kinase kinase) families (Davis, 2000) . Our Western blot analyses showed that the kinetics of phospho-MKK4 almost paralleled those of JNK activity and phospho-JNK. These results strongly suggest that the JNK signaling pathway was activated during reperfusion after tFCI. Furthermore, treatment with SP600125 exhibited selectivity in its inhibition of JNK activity and attenuated ischemia-induced apoptosis in the core area of ischemia. Levine's procedure used by Kuan et al. (2003) resulted in histologically slower changes, as found in global cerebral ischemia. The difference in conditions in the ischemic stress may affect these inconsistent results. In addition, there was no protective profile of SP600125 on the infarct volume seen in the results Figure 3 . A, Western blot analysis of BimL in the MCA territory of rat brains after tFCI. The band of BimL was evident at 24 kDa and peaked 6 hr after reperfusion. C, Control. B, Quantitative analysis (n ϭ 4) showed a significant increase in BimL induction 6 hr after tFCI, compared with the healthy controls (C) ( # p Ͻ 0.05). O.D., Optical density. C, Okadaic acid (OA) enhanced phosphorylation of BimL proteins. Intracerebroventricular injection of OA (100 ng/kg) was associated with a decrease in electrophoretic mobility of BimL expression (n ϭ 4; # p Ͻ 0.05, compared with the vehicle-treated animals). BW, Body weight. D, Representative photomicrographs show immunohistochemistry for BimL in the caudate-putamen of the MCA territory after tFCI. After 6 hr of reperfusion, BimL expression was intensely increased compared with the same region in the nonischemic rat brains (C). After 24 hr of reperfusion, BimL immunoreactivity became weak but was still clearly observed in a considerable number of cells. Scale bar, 50 m. E, Representative photomicrographs show double immunofluorescent staining for BimL and NeuN. Six hours after reperfusion, BimL-positive cells were observed in the ischemic caudate-putamen. NeuN immunoreactivity showed the distribution of neurons in the same view. Overlapped image of BimL and NeuN immunoreactivity demonstrated BimL-positive cells colocalized primarily with neurons. Scale bar, 8 m. F, Western blot analyses of BimL in the cytosolic fraction and the mitochondrial fraction after tFCI. BimL was present in the cytosolic fraction from the nonischemic control brains (C) and was significantly induced 6 hr after reperfusion without alternations in its subcellular localization. Cytochrome oxidase (COX) was used as an internal control for the mitochondrial fraction. G, Western blot analysis of BimL in the ischemic MCA territory after intracerebroventricular injection of the vehicle (V) or SP600125, a selective JNK inhibitor. Six hours after tFCI, BimL was significantly increased in the vehicle-treated animals compared with the nonischemic control brains (C), but was inhibited by treatment with SP600125 in a dose-dependent manner. H, Statistical analysis showed a significant decrease in BimL immunoreactivity in the SP600125-treated group (1.0 mg/kg) compared with the vehicle-treated group (V) in the entire MCA territory on the ischemic side (n ϭ 4; *p Ͻ 0.05). The statistically significant difference in BimL expression disappeared in the SP600125-treated group at a dose of 0.5 mg/kg, compared with the nonischemic control brains (C) (n ϭ 4; # p Ͻ 0.05). Error bars represent mean Ϯ SD.
of our TTC staining. From all of these data together, we conclude that JNK activity plays an important role in neuronal apoptosis induced in ischemic brain tissue in vivo.
A small number of reports showed c-Jun phosphorylation selectively detected in CA1 subregion neurons after global ischemia (Gillardon et al., 1999) , in the ischemic core after tFCI (Herdegen et al., 1998) , or in the peri-infarct area of the brains of rat pups after permanent focal ischemia (Borsello et al., 2003) , which support the concept that activated JNK can phosphorylate c-Jun, a component of the transcription factor AP-1 (activator protein 1), and can induce cell death by activating gene transcription. However, there is some inconsistency in the temporospatial distribution of phospho-c-Jun and phospho-JNK expression (Ferrer et al., 2003; Zablocka et al., 2003) . It has also been reported that an increase in phospho-c-Jun levels was detected after 5 min of global ischemia without an increase in phospho-JNK levels (Gillardon et al., 1999) . In fact, c-Jun phosphorylation and its transcriptional activity can be regulated by calcium-calmodulin-dependent protein kinases and by cAMP-responsive elementbinding protein without activation of JNK signaling. Moreover, N-terminal residues Ser 63 and Ser
73
, which have been the sites reported to receive exclusive regulation by JNK, are not inevitably required for c-Jun transcriptional activity (Cruzalegui et al., 1999; Mielke and Herdegen, 2000) . These findings suggest c-Jun is likely to be one of the downstream candidates of JNK signaling in neuronal cell death after ischemic stress, but may be more responsible for necrosis elicited by a robust influx of calcium ions through NMDA receptors and other kinds of calcium channels. Interestingly, in our studies, increased JNK activity caused no changes in phospho-c-Jun (Ser 63 ) expression up to 24 hr after reperfusion, although we detected necrotic cell death in the ischemic core with the use of TTC staining. It is possible that unknown molecules that regulate ischemia-mediated neuronal apoptosis and necrosis are involved apart from the c-Jun-activating pathway. Thus, we hypothesize that the activated JNK signaling pathway can involve other substrates such as downstream molecules that mediate apoptotic stimuli after cerebral ischemia. Recent studies showed that JNK promoted the release of cytochrome c and Smac-direct inhibitor-of-apoptosis protein binding protein with low pI (DIA-BLO) during apoptosis (Tournier et al., 2000; Chauhan et al., 2003) . Targeted gene disruption studies indicate that Bax and Bak are essential for JNK-dependent apoptosis of fibroblasts exposed to ultraviolet radiation, whereas Bax activation in fibroblasts exposed to stress requires JNK (Lei et al., 2002) . Moreover, we reported the release of cytochrome c and Smac-DIABLO in the ischemic brain, which resulted in caspase activation (Sugawara et al., 1999; Saito et al., 2003) . In turn, inhibitory effects on these mitochondria-derived proteins attenuated apoptotic cell death after in vivo global and focal cerebral ischemia Chen et al., 1998; Namura et al., 1998) . From these findings and our current results, we conclude that JNK activation may contribute to apoptosis in ischemic neurons by engaging the mitochondrial pathway. With this study, we established that Bax translocation is induced after cerebral ischemia, and although not complete, is significantly blocked by the inhibition of JNK activity. Other regulatory mechanisms for Bax expression can affect the results of its translocation on Western blot analysis, including the effect of SP600125 on the transcriptional and posttranslational controls. These results provide additional evidence for the role of JNK in the mitochondrial apoptotic pathway. However, the mechanism by which the JNK signaling cascade causes activation of Bax, one of the mitochondrial apoptogenic molecules, remains to be elucidated.
Bim is reportedly upregulated by the JNK pathway both at the transcriptional and posttranslational levels (Harris and Johnson, 2001; Puthalakath and Strasser, 2002; Putcha et al., 2003) . In our studies, ischemic insults significantly induced BimL parallel to JNK activity. Moreover, SP600125, a selective JNK inhibitor, was significantly associated with the prevention of BimL induction. It is likely that BimL is transcriptionally upregulated in neurons via unknown mechanisms that are significantly linked to JNK activity, consistent with a previous report (Putcha et al., 2001 ). There are two major mechanisms regulating Bim posttranslationally: unleashing and phosphorylation. Under normal conditions, Bim is sequestered by binding to the microtubule-associated dynein motor complex through interaction with DLC1. Specific apoptotic stimuli in vitro unleash Bim alone from DLC1 or together with DLC1 from DI (Puthalakath et al., 1999; Puthalakath and Strasser, 2002; Lei and Davis, 2003) . However, the role of DLC1 in Bim regulation in neurons is still unclear. In our current study, we observed transient reduction of DLC1 expression at 6 hr, independent of JNK activity, which may have affected decreased binding properties of DLC1 to both BimL and DI. These results might indicate that the dissociation of BimL from the dynein motor complex participates, in part, in the mechanism underlying BimL regulation in cerebral ischemia. Bim is also regulated by phosphorylation. Our results strongly support this evidence. First, the kinetics of JNK activation are very consistent with those of BimL phosphorylation. Second, the JNK inhibitor decreased BimL phosphorylation in a dose-dependent manner. Third, coimmunoprecipitation analysis demonstrated increased binding of BimL to JNK, whereas the dissociation of BimL from JNK was observed in the presence of SP600125. These data indicate that JNK likely involves BimL as a direct substrate for phosphorylation. It remains to be determined whether phosphorylation affects the proapoptotic activity of BimL. Our data are favorable for proapoptotic mechanisms enhanced by phosphorylation. First, BimL is phosphorylated during ischemic brain injury, with the same profile of kinetics as that of JNK activity. Second, the inhibition of BimL phosphorylation by SP600125 consistently attenuates BimL-Bax interaction and ischemia-induced apoptotic cell death. Furthermore, a previous report showed that SP600125 attenuated cell death of cerebellar granule neurons induced by overexpression of wild-type Bim, and that mutation of the Bim phosphorylation site induced less cell death (Putcha et al., 2003) . Together, this information suggests that the phosphorylated forms of BimL increase cytotoxicity in neurons possibly through their increased affinity to Bax and the resultant Bax activation. There are still many issues to be addressed, including whether BimL overexpression itself promotes cell death or whether there are functions of phosphorylated BimL other than the enhancement of the proapoptotic ability. Moreover, the functional redundancy of BH3-only proteins and Bax during apoptosis has been reported (Putcha et al., 2003; Villunger et al., 2003) , raising the possibilities that Bax is not the only substrate of BimL and that JNK-mediated apoptotic signaling can be conducted through unknown pathways other than BimL-Bax interaction.
